This paper presents an algorithm for numerical simulations of nonsteady states of the TRIGA MARK II reactor in Vienna, Austria.
Introduction
The TRIGA Mark-II reactor in Vienna was built by General Atomic in the years 1959 through 1962 and went critical for the first time on March 7, 1962 . Since this time the operation of the reactor has averaged at 200 days per year without any longer outages [10] [11] . The reactor core currently consists of 83 fuel element arranged in an annular lattice. The current core configuration is shown in Fig. 1 .
Publications on numerical simulation of TRIGA reactors mainly focus on steady-state and benchmarking calculations [1] [2] [3] [4] [7] . If non-steady state operations are covered, only calculations using coupled thermal-hydraulic / neutronic numerical code systems like STAR or RELAP are described [5] [6] . There has been recent work on calculation of neutron flux densities of the TRIGA reactor Vienna using MCNP [7] dealing with steady-state operation focussing on the core configuration and its possible alterations. The algorithm presented in this article extends this work to enable prediction of power changes based on steady-state Monte-Carlo calculations.
The algorithm can be used to predict changes in neutron flux (and hence reactor power) of TRIGA reactors without the usage of any coupled thermalhydraulic / neuronic codes system. It currently only provides changes in integral neutron flux, though, and is currently not capable of calculation of local power changes.
The experimental verification is limited to integral changes in neutron flux densities as no detectors capable of measuring local neutron flux have been available at the time the experiments have been made. During the experiments, time series of integral neutron flux, reactor core temperature and inventories of Xe-135 and I-135 have been measured.
The time series of the integral neutron flux density has been measured using a fission chamber. The temperature of the reactor core has been taken from temperature sensors built-in into three fuel elements of the reactor core displayed on the reactor control room displays. During the experiments, the time dependent inventory of Xe-135 and I-135 has been measured via gamma spectrometry, too and were found in good agreement to the values calculated by eq. ??. For the calculations below, the analytical values have been used to avoid introduction of additional error sources.
Description of the algorithm
The algorithm is based on the model presented by Emendoerfer and Hoecker [9] . Their model starts from the kinetic neutron equation for the change in neutron inventory n(t) with time,
where
assumes β ef f,i /λ is not time-dependent, defines the deviation from a stationary value x(t) as
with ρ reactivity Λ mean neutron generation life time β i,ef f effective fraction of delayed neutrons in group i λ i half-life time of precursor i and presents a recursive formula for x(t n )
with
and (for n > 1)
and
Values for λ i , β i,ef t of the six delayed neutron groups are listed in table 2.
The method described in the equations above is applicable for continuous reactivity changes. For prompt-jump approximations at t = 0 the very first iteration has to be calculated by [9] 
with the condition ∆t 0 ≪ Λ/β ef f .
Reactivity feedback
The interesting part for including feedback mechanism is the calculation of the reactivity ρ at a specific time t (or t n if dealing with discrete values). It can be defined as ρ(t) = ρ e (t) + ρ i (t) (9) with ρ e being the external reactivity (for example, moving of a control rod) and the internal reactivity ρ i (for example, changes in temperature).
Feedback caused by changes in temperature
The changes z(t) in temperature T of fuel (index F ) and coolant (index C) are given by
Changes in temperature are calculated by using a point-model approach for fuel and coolant temperatures. Thermal conductivity from the fuel meat to the cladding is neglected and the complete heat is assumed to stay within the fuel rods. The coolant inlet temperature (index CI) is assumed to be constant.
Emendoerfer and Hoecker [9] show that
with ζ defined as
Θ F and Θ C are the fuel and coolant heat removal time constants.
As ρ i (t) is not constant but varies with internal feedback factors like temperature and poison inventory the feedback caused changes have to be calculated beforehand. This is implemented by replacing ρ i (t n ) by ρ i (t n−1 ) in an intermediate step and to correct x(t) with the feedback changes calculated for this time iteration before starting the next one.
Feedback caused by changes in reactor poison inventory
The number of 135 I nuclei I(t) is given by For each time iteration in the numerical calculation the Xenon inventory has been calculated and taken into account to the internal reactivity calculation in equation (9) . The values for the Iodine concentration were taken from the analytical solution of equation (15), the values for the Xenon inventory has been calculated by solving equation (16) numerically. Table 1 shows the values of constants used for all subsequent calculations. 
Constants and values used during the calculations

Experimental setup
Measurement of the rector power at TRIGA Vienna is done by a wide range fission fission chamber (Campbell chamber). The signal of this fission chamber has been used to record time dependent neutron flux (and hence reactor power) data. The fission chamber has been connected to an Amperemeter and the resulting signal has been recorded by a LabView application. After 64 hours of cold shutdown state the reactor has been started up to a steady-state power level of 35W with the transient and regulating rods fully withdrawn from the core. The shim rod then has been moved from its steady state position upwards introducing the reactivity changes shown in table 3. The reactivities shown in table have been taken from a previous shim rod reactivity calibration experiment (measurement of reactivity versus rod position via reactor period measurements). A plot for the resulting calibration curve can be found in section 7.
The power levels and temperatures at each stable position have been recorded to make a fission chamber signal vs. reactor power calibration possible. An overview of the recorded, time dependent data is shown in fig.  2 . Table 3 : Experimentally determined values for power and temperature. The reactivity has been calculated from an interpolation of the values gained by a preceding shim rod calibration experiment. The power and temperature values were taken before the reactivity has been inserted.
Step 
Results
Numerical calculations
The method described above has been implemented in the PERL programming language and applied to various reactor states from cold shutdown status to power level conditions. Each run was started from the conditions of the stable phase of the run before including the whole new parameter set. The algorithm has been applied to various problems defined by their fuel temperature and the external reactivities (perturbations). The interesting temperature range is between 30 C (normal shutdown conditions) and 150 C (temperature at a nominal reactor power of 250 kW). Various theoretical external reactivities were applied to states with fuel temperatures within the range mentioned above. Selected results are presented below, more can be found in section 7.
The effects of negative feedback, especially temperature feedback, are clearly visible: the negative feedback caused by temperature changes in the system damps the value of x(t) resulting in convergence to a new steady-state position after changes in external reactivity. This is expected from inclusion of the internal reactivity according to equation 9, otherwise the reactor would not converge to a stable power level after reactivity insertions.
Time scales of the convergence seem to be reasonable and could be verified against the experiment (see section 5.2). It also shows clearly that the stronger the difference between the fuel and coolant temperatures are, the larger the amplitudes of x(t) oscillations become. This is an expected result from equations 12 and 13. 
Comparison to experimental data
To enable comparison of numerical and experimental data the latter has been processed to provide values for deviation from steady state values instead of absolute power levels as follows: Each timeframe from the previous to the current power level following a perturbation is considered as one phase. The starting steady-state power level of each phase is taken as x(0) for the subsequent calculations of x(t), the same procedure has been used to calculate the temperatures T F,i for subsequent phases. A new steady-state level is considered to be reached as soon as the absolute value for the calculated reactivity falls below a certain threshold. During the calculations, a threshold of |ρ| ≤ 1.0E-04 has been used. The results of the numerical calculations are shown together with the experimental data in figures 5 to 12. 
Discussion
This work has shown that a relatively simple model for reactor kinetics can be adapted to enable prediction of changes in power levels of a TRIGA reactor resulting from changes in reactivity.
The numerical results differ from the experimental results less than 4% for fuel temperatures up to about 55
• C. As soon as the fuel temperature increases above this level, the effects of the strong negative temperature feedback coefficient of the TRIGA reactor starts to take effect which causes significant overshoots. Those are clearly visible in the numerical results, too but the shape starts to show systematic deviations to lower values during the overshoot but resulting in steady-state values in good agreement with the calculations. This is probably caused by imperfect feedback and feedback time constants (α T F , Θ F and Θ C ). The values for this constants used during the calculations are not considered to be perfect matches and need reconsideration.
Further studies are needed to include feedback caused related to the void coefficient of reactivity and reactivity changes caused by Doppler broadening. This has not taken into account as the temperature feedback coefficient clearly is the dominant factor when looking at the TRIGA reactor in Vienna. 
